The cohesion-tension theory postulates that xylem sap in a transpiring plant is under negative pressure (tension). This means that water in the xylem is in a metastable state. Waterfilled xylem conduits may become embolized in response to drought, winter frost, pathogens and other challenges. Once a tracheid or vessel is air-filled, the embolism usually does not readily spread to adjacent conduits, and this is due to the sealing action of pits. In most cases, the water column in a plant remains intact even if individual xylem elements do not contribute to transport; the transpiration stream will simply move around these embolized conduits. However, the biological significance of localized embolism is that it reduces whole-plant hydraulic conductance and increases the pressure gradient required to move sufficient amounts of water to leaves. It would therefore be advantageous if xylem embolism could be reversed. This does indeed happen in plants that can generate root pressure, such as rice and grapevine (Sperry et al. 1987) . Spring recovery via root pressure has been observed in birch and other trees but appears to be limited to the period prior to leaf flush.
Reports of embolism repair are not limited to cases where the bulk xylem sap is under positive or near-atmospheric pressure; in many cases, refilling occurred while the transpiration stream was under mild negative hydrostatic pressure (e.g. Taneda & Sperry 2008; Trifilo et al. 2014) . And the phenomenon is not limited to angiosperms. Conifers may recover from winter embolism even when the soil is frozen and water uptake via roots is impossible (Mayr et al. 2014) . Refilling requires a water source, and in this case, the water may be taken up via branches (Mayr et al. 2014) . The mechanistic basis for refilling in conifers is unknown, but aquaporins located in the bundle sheath of needles are thought to regulate water flow between the epidermis/mesophyll and the vascular tissue . "How refilling of this sort can happen is one of the great puzzles in whole-plant physiology" (Taneda and Sperry 2008) , and in this issue of Plant, Cell & Environment, Secchi and Zwieniecki (2016) shed new light on the processes involved in embolism repair in xylem under tension.
Plasma membrane intrinsic proteins (PIPs) are likely to be key players in the refilling process. The expression pattern of xylem-associated PIP isoforms has been correlated to embolism repair numerous times and in several woody species (e.g. Chitarra et al. 2014 ). In the model tree poplar, the recovery of transgenic plants characterized by downregulation of PIP1 aquaporins from moderate drought stress was impaired (Secchi and Zwieniecki 2014) .
In a series of papers, Francesca Secchi and Maciej Zwieniecki have used Populus trichocarpa as a model tree to systematically and incrementally improve our understanding of the physiological mechanisms that are involved in the refilling process, by combining methods from the fields of molecular biology and whole-plant physiology. When things could not be measured with existing protocols and sensors (as is often the case when it comes to embolism repair), they invented new experimental protocols and created clever devices. This approach is showcased in Secchi and Zwieniecki (2016) . Here, they developed a novel method to measure xylem apoplast pH. This allowed them to measure a drop of pH from~6.2 tõ 5.6 in the xylem sap of severely stressed plants. The lower pH was associated with sucrose efflux from xylem parenchyma cells into the xylem apoplast and a subsequent breakdown of sucrose into monosaccharides. The scenario laid out in their article explains how membrane transport coupled with other processes may generate an osmotic driving force that will direct water flow into embolized vessels, thereby contributing to the restoration of hydraulic conductivity. These processes are considered in the context of 'hydraulic priming' (Secchi and Zwieniecki 2016) . The authors explain that while "sugar accumulation may not allow for immediate recovery of xylem function under stress (…), it could prime the xylem for accelerated restoration of xylem function upon return to hydrated conditions." This seems like a conceptual shift away from earlier efforts trying to explain putative refilling while the xylem sap is under substantial tension, to a view in which observed metabolic processes promote recovery after water potential has returned to more favourable levels.
Which sugar transporters are involved and where are they located?
There are still some gaps that need to be addressed, especially with regards to the identity of the sugar transporters. Secchi and Zwieniecki (2016) suggest that a sucrose/proton symporter (SUT) would be able to export sucrose out of parenchyma cells -or to import it, depending on the conditions. Evidence for a change in transport direction in this particular case is still lacking. SUTs are not only involved in phloem loading but also in sucrose retrieval from the apoplast (Ayre 2011). Exporting sucrose out of xylem parenchyma cells would therefore be a novel role for these proteins. However, "mechanistically … at least one SUT can move Suc in either direction based on prevailing conditions" (Ayre 2011) . Sugar efflux from parenchyma cells into vessels may also occur via the recently discovered SWEET transporters (Chen et al. 2012 ) expressed in vascular parenchyma cells (Le Hir et al. 2015) .
As early as 1973, Sauter et al. (1973) proposed that contact cells are the specific sites of a metabolically controlled sucrose release into the vessels of sugar maple. Contact cells are specialized parenchyma cells that connect parenchyma systems with the vessels. They have numerous large pits and are responsible for the exchange of nutrients and water between parenchyma cells and xylem vessels (Sauter et al. 1973) . In situ hybridization studies in poplar revealed the presence of aquaporin mRNA in contact cells (Almeida-Rodriguez and Hacke 2012); immunolocalization experiments in walnut showed that Juglans regia sucrose transporter 1 (JrSUT1) and H + -ATPase (JrAHA) were colocalized in contact cell plasma membranes (Decourteix et al. 2006) . We expect that research directed at a better understanding of the biology of these cells will lead to new insights into embolism repair.
Possible future research directions
Much remains to be learned. Research may focus either on the mechanisms leading to embolism repair (Fig. 1, light blue  boxes) , or it may study xylem refilling in an ecophysiological context (Fig. 1, dark blue boxes) . As Secchi and Zwieniecki's work shows, physiological, molecular and anatomical work on mechanisms may be most effective when it focuses on model species like poplar, rice and grapevine. In addition to the work on woody plants, rice may be a particularly interesting system due to the close proximity of xylem and phloem cells and previous reports of refilling at negative pressure (Stiller et al. 2005) . Bay laurel (Laurus nobilis) has been used in several studies on refilling (Trifilo et al. 2014) and would also be a useful model system.
Work on model plants may lead to a better understanding of the membrane transport processes that are involved and the genes coding for these transport proteins, but we also face questions that call for integration at the whole-plant level. This involves questions about sensing and signalling and interaction between xylem and phloem.
We may also ask why some plants (like bay laurel) appear to be particularly effective at repairing embolism and why refilling may be absent in other species. Which environments and which anatomical features favour refilling? Returning to bay laurel, one may speculate that its thick inter-vessel pit membranes play a role in containing solutes in an actively refilling vessel, as stated in the pit membrane osmosis hypothesis (Hacke and Sperry 2003) . How do the metabolic costs of refilling balance against the benefits? What is the role of foliar water uptake? What are the limits to embolism repair in terms of xylem pressure? Is there a pressure threshold as discussed by Hacke and Sperry (2003; their Fig. 1) ? Such questions could be studied by exploring a wide range of plants and habitats.
Uwe G. Hacke 1 Figure 1 . Future research on xylem refilling may focus on enhancing our understanding of the physiological/molecular mechanisms involved in xylem refilling (light blue boxes). Such work may utilize the tools available for model species like poplar, rice or grapevine. At the same time, ecophysiological research on a wide range of species and habitats (dark blue boxes) could inform us of the costs and benefits involved in embolism repair, address questions related to foliar water uptake and define the conditions required for refilling to occur.
